Migration influences population dynamics on networks, thereby playing a vital role in scenarios 14 ranging from species extinction to epidemic propagation. While low migration rates prevent local 15 populations from becoming extinct, high migration rates enhance the risk of global extinction by 16 synchronizing the dynamics of connected populations. Here, we investigate this trade-off using 17 two mutualistic strains of E. coli that exhibit population oscillations when co-cultured. In 18 experiments, as well as in simulations using a mechanistic model, we observe that high migration 19 rates lead to in-phase synchronization whereas intermediate migration rates perturb the oscillations 20 and change their period. Further, our simulations predict, and experiments show, that connected 21 populations subjected to more challenging antibiotic concentrations have the highest probability 22 of survival at intermediate migration rates. Finally, we identify altered population dynamics, rather 23 than recolonization, as the primary cause of extended survival. 24 25 26 27 28 29 30 Main Text: 31 32
The data in Fig. 3C -E demonstrate that migration not only synchronizes population dynamics but 154 also alters them in a qualitative manner. To better understand the sequence of experimental 155 outcomes with increasing migration rate, we turned to an ordinary differential equation based 156 mechanistic model that simulates antibiotic degradation and cell growth. This model was 157 developed in the context of isolated co-cultures and has been shown to reproduce the observed 158 period-3 limit cycle oscillations over a reasonably broad parameter regime (31). The model has 159 two variables 1 and 2 corresponding to the population densities of AmpR and ChlR, 160 respectively, and two variables 1 and 2 corresponding to the concentrations of the antibiotics 161 ampicillin and chloramphenicol, respectively. Over the 24 hour growth period, the population 162 densities and antibiotic concentrations change with time according to the following equations: Here, we assume that bacterial growth is logistic, with antibiotic concentration-dependent growth 170 rates 1 ( 2 ) and 2 ( 1 ). We note that the initial and final densities of AmpR and ChR can be substantially different, such 198 that the ratio 1 / 2 can vary substantially from day to day. as well as the range of migration rates over which they are observed. In our simulations, we started 207 with two patches A and B for which we numerically integrated the model equations over 24 hours.
208
To implement the migration and dilution steps, we mimicked the experimental protocol by 209 resetting the initial population densities and antibiotic concentrations in the two patches for the 210 next day of growth in accordance with the dilution factor of 100 and the migration rate . The 16 g/ml chloramphenicol) and measured the fraction of populations that survived over 10 days.
267
As predicted by the simulations, the survival probability indeed shows a peak at intermediate Discussion: 274 Here, we have shown that two oscillating bacterial populations can synchronize when coupled 275 sufficiently strongly via migration. Furthermore, we have demonstrated that it is possible for the 276 migration rate itself to determine the period of oscillation. In particular, our experimental system 277 exhibits limit cycle period-3 oscillations in the absence of migration. However, we observed 278 disturbances in these dynamics in the presence of migration that were consistent with the period-279 4 oscillations predicted by the model at intermediate migration rates (Fig. 3D ). This finding 280 represents empirical evidence that the characteristics of population oscillations observed in natural 281 microbial communities may not simply be a result of intrinsic inter-or intra-species interactions, 282 but may also be a consequence of spatial structure and migration.
284
Since migration can perturb population dynamics, it also has the potential to influence the survival 285 of a population in a challenging environment. For instance, we found that populations were most 286 likely to survive the duration of the experiment at intermediate migration rates (Fig. 5 ). The oscillations (see Fig. S5 for bifurcation diagrams and a representative time series), and we see 292 signatures of such oscillations in some of our surviving experimental populations as well (Fig. S6) .
293
Intuitively, out-of-phase synchronization could ensure that the populations in the two patches do 294 not simultaneously become low, which averts the danger of global extinction. In previous 295 computational studies (23, 29, 41, 42) , such out-of-phase synchronization has been widely 296 recognized as a potential mechanism for survival and our experiments provide direct evidence in 297 support of these numerical findings.
299
In field ecology and metapopulation theory, re-colonization of habitat patches after local extinction 300 events is thought to be a major contributor to extended survival in harsh environments (13), a claim supported by recent experiments on protists (15). However, we observed relatively few instances 302 of such re-colonization ( Fig. S7) , implying that re-colonization is not the major cause of extended 303 survival in our system. Nevertheless, in a more spatially extended population with a larger number 304 of possible habitats, it may be possible that re-colonization plays a more significant role in enabling 305 populations to survive in challenging conditions.
307
Finally, we note that in challenging environments, evolutionary rescue can also lead to population 308 recovery (43). In our system, evolutionary rescue may occur either via enhanced antibiotic 309 tolerance through the evolution of lag time mutants (44) or via increased drug resistance in one of 310 the strains. Indeed, we did observe a few cases in which ChlR cells developed a higher resistance 311 to ampicillin, particularly at high migration rates in the harsh environment (10 g/ml ampicillin, 312 16 g/ml chloramphenicol) ( Fig. S8 ). Interestingly, we found no evidence of such evolution in 313 extremely harsh environments (10 g/ml ampicillin, 20 g/ml chloramphenicol), in which all 314 populations became extinct within 7 days (Fig. S9) . Collectively, these observations suggest that 315 the optimal conditions for evolution of additional antibiotic resistance represent a tradeoff between 316 selection pressure, which is primarily determined by the environment, and survival time, which 317 can be influenced by the migration rate. In addition, the effective population size may also play a 318 role in guiding the course of evolution in that stronger coupling may lead to a larger population 319 size and thus more genetic diversity, but may also lead to reduced survival time.
321
In the present study, we found that moderate amounts of migration between two coupled bacterial 322 populations can significantly perturb population oscillations and enhance survival in harsh 323 environments ( Fig. 3D-E) . Given that a simple setup can have significant ecological consequences, 324 it would be interesting to extend this approach to a larger number of connected populations. For 
